The oxidation state and distribution of Fe in olivine in a lherzolite xenolith from the Oku district, Oki -Dogo Islands, Japan, were investigated. A lherzolite xenolith collected from a volcanic neck of alkali olivine basalt contains olivine, orthopyroxene, clinopyroxene, and a small amount of spinel. Anhedral anorthite grains less than 0.01 mm across occur as inclusions in clinopyroxene. The olivine grains are nearly homogeneous in composition, with Fo contents of 80.7 -81.9 mol%. Pure olivine grains for X -ray diffraction and 
Fe Mössbauer analyses were separated from the fresh core of the lherzolite xenolith under a binocular microscope. The Mössbauer spectrum of the separated olivines consists of two doublets assigned to Fe 2+ at the M1 and M2 sites and a doublet attributed to Fe 3+ at the M2 site. The populations of Fe 3+ in the olivine derived from the Mössbauer method and FeL β /FeL α -intensity ratios are 0.02 and 0.03 atoms per formula unite (apfu), respectively. The site occupancies of Fe in the M1 and M2 sites refined using X -ray Rietveld method are 0.151 and 0.206 apfu, respectively. 
INTRODUCTION
Recent studies of the oxidation state in the upper mantle suggest that there may be some regions with fo 2 higher than that defined by the fayalite + magnetite + quartz (FMQ) buffer (e.g., Wood and Virgo, 1989; Ballhaus et al., 1991) . McCammon (2006) concluded that Fe 3+ -bearing phases exist in the upper mantle and the transition zone, and that, even in the lower mantle, the transition to (Mg,Fe)(Si,Al)O 3 perovskite involves the creation of significant Fe
3+
. Therefore, the oxidation state of Fe in Febearing minerals in the mantle is of mineralogical interest.
Although McCammon (2006) stated that olivine, the most abundant mineral in the upper mantle, contributes zero Fe 3+ to the total budget due to its negligible Fe 3+ content, a small amount of Fe 3+ was confirmed in olivine from the Dish Hill mantle xenolith, California, USA (Banfield et al., 1992) . In this study, we examined the oxidation state of Fe in olivine in a lherzolite xenolith from the Oku area in Saigo -cho, Oki -Dogo Island, Shimane Prefecture, Japan, and investigate the occurrence of Fe 3+ in that olivine.
GENERAL GEOLOGY AND XENOLITH SAMPLES
Details of geology of this area are described in Yamauchi et al. (2009) . The Oku district consists of xenolith -bearing alkaline olivine basalt lavas of Pliocene age (Yamaguchi, 1964; Takahashi, 1975; Kaneoka et al., 1977) . Takahashi (1978) classified xenoliths from Oki -Dogo Island into five groups, namely spinel lherzolite, banded spinel peridotite, banded plagioclase peridotite, gabbro and granulite, and noted that the xenoliths belonging to the banded peridotite groups were cumulates. We collected several lherzolite xenoliths for our study from a volcanic neck of alkali olivine basalt. The neck was more than 50 m in diameter, and was located on the east coast of the Oku district. A lherzolite xenolith (about 7 cm in diameter) judged to be least altered was selected for this study. The xenolith consists of olivine, orthopyroxene, clinopyroxene, and a small amount of spinel. Olivine grains are yellowishgreen in color and anhedral in form. They are generally fresh and clear, although they sometimes contain euhedral or subhedral minute inclusions of chromian spinel and unidentified Fe -Ti -oxide particles with tens of µm in diameter. Olivine grains in contact with the host alkali olivine basalt at the marginal part of the xenolith often have brownish rim (about 0.01 mm in width) containing unidentified precipitates (<1 µm). Orthopyroxene and clinopyroxene occur as anhedral grains about 0.5 -3 mm in diameter, and contain rare inclusions of unidentified opaque minerals. Clinopyroxene also contains inclusions of anhedral anorthite grains less than 0.01 mm in diameter. The lherzolite xenolith in this study may be classified into the spinel lherzolite.
EXPERIMENTAL METHODS

Sample preparation and purity evaluation
To collect pure olivine grains from the lherzolite xenolith for X -ray diffraction and Mössbauer analyses, olivine grains dissected out from the fresh core of the xenolith were purified under a binocular microscope to exclude olivine grains containing chromian spinel and unidentified Fe -Ti -oxide particles or those with brownish rims. For purity evaluation of the separated olivine grains, six olivine grains were randomly chosen, and were then examined further using optical microscope and electron microprobe analyzer (EMPA).
Electron microprobe analyses
Chemical compositions of minerals and spatial distributions of Mg and Fe in the olivine samples were determined using a JEOL JXA -8530M EMPA operated at an accelerating voltage of 15 kV, with beam current of 20 nA and beam diameter of 1 μm. The standard materials were natural forsterite for Si(K α ) and Mg(K α ), hematite for Fe(K α ), synthetic Ca 3 V 2 O 8 for Ca(K α ), and TiO 2 , Cr 2 O 3 , MnO and NiO oxide standards for Ti(K α ), Cr(K α ), Mn(K α ) and Ni(K α ), respectively.
The oxidation state of Fe in olivine was determined using the intensity ratio of FeL α and FeL β X -ray emission peaks (Albee and Chodos, 1970; Kimura and Akasaka, 1999) . For this analysis, the EMPA was operated at an accelerating voltage of 15 kV, with beam current of 30 nA and beam diameter of 5 μm. The X -ray emission spectra were measured using a Johanson type TAP monochromator crystal between L = 186 and 193 mm at intervals of 0.05 mm, where the 'L -value' indicates the distance between the X -ray emission points on the sample and the monochromator crystal, and is related to Roland circle radius R, d -spacing of monochromator crystal, wave length λ (Å) of the X -ray and the order of reflection n with the equation L = (R/d) × nλ. Measurement time was 10 seconds per step. Details of the method are given in Kimura and Akasaka (1999 ) and the FeL β /FeL α intensity ratio formulated by Kimura and Akasaka (1999) 
Transmission electron microscopy
For purity evaluation of olivine, nanoscale observation of an olivine grain in a thin section was performed using a high -resolution transmission electron microscope (TEM and HRTEM). A TEM foil with a dimension of ~ 5 × 11 × 0.1 μm was prepared from an olivine sample using a focused ion beam (FIB) system (JOEL JEM -9310FIB) at Ehime University. The detailed procedure of FIB milling for TEM -foil preparation is described elsewhere (Irifune , 2005) . TEM and HRTEM observations were carried out using a JEOL JEM -2010, operated at 200 kV. Selected area electron diffraction (SAED) and bright field imaging were employed to characterize the microstructure of the sample.
X-ray powder diffraction measurement and crystal structure refinement
The powder sample was spread uniformly over the surface of a silicon non -reflection specimen holder.
Step scan powder diffraction data were collected using a RIGAKU RINT automated Bragg -Brentano diffractometer system equipped with a curved graphite diffractedbeam monochromator. The Cu X -ray tube generator was operated at 35 kV and 25 mA. The profile was taken between 2θ = 10° and 100° using a step interval of 0.02° and a step count time of 5 seconds. Rietveld analysis was carried out using the RI-ETAN -FP program (Izumi and Momma, 2007) . Pearson VII function was used as a profile -function. Preferred orientation correction was made using the March -Dollase function (Dollase, 1986) . Crystal structural data of forsterite by Merli et al. (2001) was used as an initial model.
Fe Mössbauer spectroscopy
The Mössbauer spectra were measured at room temperature in the Doppler velocity ranges of −4 to 4 mm/sec and of −8 to 8 mm/sec, using 370 MBeq 57 Co in Pd as a source. The spectrum of the Doppler velocity range between −4 and 4 mm/sec was measured to analyze Fe in olivine in detail, whereas that of the Doppler velocity range between −8 and 8 mm/sec was made to examine whether Fe -bearing impurities exist or not, because 57 Fe Mössbau-er peaks of Fe -oxides by magnetic splitting appear typically in this Doppler velocity range (Musić, 1997) . The absorber was about 100 mg of finely ground sample. The Mössbauer data were obtained using a constant acceleration spectrometer fitted with a 1024 channel analyzer. Iso- Table 1 . Chemical compositions of the Oku lherzolite olivine * Average composition with standard deviation (n = 10), and representative analyses with maximum and minimum Fo contents. ** Chemical compositions at four analytical positions where FeL β and FeL α intensities were measured. Under the conditions described, analytical errors are ± 2% relative for major elements and ± 5% relative for minor elements, as estimated from the reproducibility observed in multiple measurements. TEM foil was made at the position with about 20 µm away from the analysis position of No.4. *** Total Fe as FeO.
mer shift was referred to a metallic iron foil. The QB-MOSS program of Akasaka and Shinno (1992) was used for computer analysis. The quality of the fit was judged by χ 2 value and standard deviations of the Mössbauer parameters. Figure 1 shows a reflection microscopic photograph of one of six olivine grains chosen for the purity evaluation from the purified olivine grains, indicating no impurity mineral is contained. All six olivine grains examined showed similar feature. The backscattered electron images of the six olivine grains also indicated no impurity in the olivine grains. Purity of whole separated olivine sample was also discussed by the results of X -ray powder diffraction and 57 Fe Mössbauer analyses as shown below.
RESULTS
Purity evaluation of separated olivine samples
Chemical compositions of olivine and oxidation state of Fe determined using EMPA
Olivine grains are quite homogeneous in chemical composition, as shown by the standard deviations of the average oxide contents, and the maximum and minimum Fo contents (Table 1) ) and the FeL β /FeL α intensity ratio formulated by Kimura and Akasaka (1999) . Errors are after Kimura and Akasaka (1999) . (001) and (020) and the corresponding diffraction spots are shown. 
Transmission electron microscopy
An olivine foil with a dimension of ~ 5 × 11 × 0.1 μm was made at a position with about 20 µm away from the analysis position No.4 (Fig. 3) Figure 4 shows a HRTEM image and a SAED pattern viewed down [100] direction of an olivine single crystal from the sample. Regular lattice fringes of (001) and (020) of olivine and the corresponding diffraction spots (d = 5.99 and 5.10 Å, respectively) with no streaks are clearly visible in the images. Neither microdomains of secondary phases such as laihunite, which was previously reported to occur as layered domains along olivine (001) in oxidized mantle olivine (Banfield et al., 1992) , nor other impurity were detected by careful observations of several regions of the TEM foil. ) of the olivine from the Oku lherzolite xenolith * n eq = multiplicity of sites.
Rietveld analysis of the X-ray powder diffraction data
Details of the data collection and structural refinement are shown in Table 3 , and refined results in Table 4 (Table 4) . Total Fe of 0.357 apfu is consistent with the value from EMPA analysis [0.357(6) apfu: Table 1 ]. All the isotropic atomic displacement parameters were positive, although they were somewhat larger than those of published single crystal data. Bond valence sums at each site, calculated based on the refined site occupancies at each site and the interatomic distances, were consistent with electric charge at each site.
57
Fe Mössbauer analysis
In the Mössbauer spectrum in the Doppler velocity range from −8 to 8 mm/sec, none of Mössbauer peak of Fe -oxide caused by magnetic splitting was detected. Besides, Fe -bearing impurity phase was not detected in the X -ray diffraction measurement. Thus all the observed Mössbau-er doublets can be attributed to Fe in olivine. The Möss-bauer spectrum with Doppler velocity range between −4 and 4 mm/sec was fitted with 3 doublets (Fig. 6) under the constraints that the intensities of the doublets of Fe 2+ at the M1 and M2 sites and the peak widths of all doublets are equal, respectively. Hyperfine parameters, area ratios and assignments of the doublets are listed in (Shinno et al., 1974; Schaefer, 1985; Banfield et al., 1992; Dyar et al., 2009; Ejima and Akasaka, 2011) . These assignments are reasonable because the Fe 2+ -doublet with smaller Q.S. should be assigned to Fe 2+ at the more distorted M1 site, and that with larger Q.S. to Fe 2+ at the less distorted M2 site. The CC' doublet with I.S. = 0.18(2) mm/s and Q.S. = 0.54(3) mm/s can be assigned to Fe 3+ in olivine, because no Fe 3+ -bearing impurity was detected as explained above. The I.S. value of the CC' doublet is similar to those of Fe 3+ at M2 in olivine (I.S. = 0.11 -0.23 mm/ s) reported by Shinno (1981) rather than those (I.S. = 0.38 -0.40 mm/s) after Ejima and Akasaka (2011) . Assignment of Fe 3+ to the M2 site is based on Mössbauer studies of laihunite by Kan and Coey (1985) and Meyer and Rüf-fler (2002) . The Fe
2+
:Fe 3+ -ratios in olivine determined 
DISCUSSION
The Fe 3+ in olivine from the Oku lherzolite xenolith was found in this study using independent 57 Fe Mössbauer and FeL β /FeL α -intensity ratio methods. The Fe 3+ contents estimated using FeL β /FeL α -intensity ratios and the correlation curve by Kimura and Akasaka (1999) agree well with those derived by the Mössbauer method. As described already, the HRTEM images and SAED patterns showed no apparent microstructure of laihunite domain in our careful examination of the olivine film which is regarded to contain Fe 3+ . These observations lead us to conclude that the Fe 3+ in olivine in the Oku lherzolite xenolith is indeed located within the olivine structure, which is different occurrence of Fe 3+ in olivine of the xenolith from that studied by Banfield et al. (1992) .
One possible interpretation for production of Fe 3+ within olivine is that Fe 3+ was generated in the upper mantle condition with fo 2 higher than that defined by the FMQ buffer. Another more likely cause may be annealing of the xenoliths near the surface by heat from the host alkaline olivine basaltic magma, because occurrence of Fe 3+ in olivine has been reported from lavas and scorias which have been subjected to high temperature oxidation (Kondoh et al., 1985 : Kishina et al., 1995 : Ejima et al. 2008a , 2008b 2009a , 2009b 2010) , although the Oku lherzolite xenolith seems to show no positive evidence of any alteration at high temperatures.
